The effects of acute nicotine administration (0.09 mg/kg nicotine), chronic nicotine administration (6.3 mg/kg/d nicotine for 14 d), and withdrawal from chronic nicotine administration on fear conditioning in C57BL/6 mice were examined. Mice were trained using two coterminating conditioned stimulus (30 s; 85 dB white noise)-unconditioned stimulus (2 s; 0.57 mA foot shock) pairings and tested 24 h later for contextual and cued fear conditioning. Acute nicotine administration enhanced contextual fear conditioning, chronic nicotine administration had no effect on contextual fear conditioning, and withdrawal from chronic nicotine administration impaired contextual fear conditioning. Plasma nicotine concentrations were similar after acute and chronic treatment and were within the range reported for smokers. During withdrawal, concentrations of nicotine were undetectable. An acute dose of nicotine (0.09 mg/kg) during withdrawal from chronic nicotine treatment reversed withdrawal-associated deficits in contextual fear conditioning. The results suggest that tolerance to the effects of nicotine on contextual fear conditioning develops with chronic nicotine treatment at a physiologically relevant dose, and withdrawal from this chronic nicotine treatment is associated with impairments in contextual fear conditioning. These findings provide a model of how the effects of nicotine on learning may contribute to the development and maintenance of nicotine addiction.
Introduction
Despite known health risks associated with nicotine use, 46 million adults in the United States are smokers (Center for Disease Control, 2004) . This demographic may reflect the low success rates associated with smoking cessation, which can be attributed to aversive somatic, affective, and cognitive symptoms associated with nicotine withdrawal (Snyder et al., 1989; Kenny and Markou, 2001) . Understanding the behavioral and neurobiological changes that occur as acute nicotine use transitions to chronic use and that occur during withdrawal from chronic nicotine will aid in developing treatments for nicotine addiction.
Studies of the neural mechanisms of nicotine addiction have focused primarily on the reward pathways activated by nicotine (for review, see Fagen et al., 2003) . However, the neural systems and cellular changes associated with hippocampus-dependent learning and memory are also involved in addiction (Hyman and Malenka, 2001; Nestler, 2002) . Nicotine can enhance learning and memory (for review, see Levin, 2002; Tinsley et al., 2004) , and drug-stimuli associations formed during acute nicotine use may contribute to cravings for nicotine (Lazev et al., 1999; Caggiula et al., 2001; Chiamulera, 2005) . Furthermore, just as the acute effects of nicotine may contribute to nicotine addiction, the effects of withdrawal from chronic nicotine may also contribute to nicotine addiction. For example, nicotine withdrawal is associated with cognitive deficits in humans (Kleinman et al., 1973; Snyder et al., 1989) . Thus, the initial enhancing effect of nicotine on learning and memory may reinforce repeated use, and chronic use may be maintained to avoid nicotine withdrawal-induced cognitive deficits.
Fear conditioning has been used to examine the effects of nicotine on hippocampus-dependent learning. In this task, subjects are trained in a context by pairing an auditory conditioned stimulus (CS) with a footshock unconditioned stimulus (US). Two associations are formed: an association between the training context and the US (contextual fear conditioning), which requires the hippocampus, and an association between the CS and the US (cued fear conditioning), which does not require the hippocampus (Phillips and LeDoux, 1992; Logue et al., 1997 ). An advantage of fear conditioning, which is particularly relevant to the present experiments, is that the task is rapidly acquired. Therefore, it is easy to examine the effects of acute drug administration, chronic drug administration, and withdrawal from chronic drug administration on the acquisition of this type of learning.
Acute nicotine enhances contextual fear conditioning (Gould and Wehner, 1999; Gould and Higgins, 2003; Gould et al., 2004; Wehner et al., 2004; Davis and Gould, 2005) , but the effects of chronic and withdrawal from chronic nicotine on fear conditioning are unknown. In fact, no animal studies have examined the effects of chronic nicotine or withdrawal from chronic nicotine on the acquisition of a learning task. Therefore, the present studies examined the effects of chronic and withdrawal from chronic nicotine on contextual and cued fear conditioning to test whether treatment with a chronic dose of nicotine that produced plasma nicotine levels similar to those reported in smokers (Benowitz et al., 1989; Henningfield and Keenan, 1993) would produce tolerance and/or withdrawal-associated deficits.
Materials and Methods
Subjects. Male C57BL/6 mice (8 -12 weeks of age; The Jackson Laboratory, Bar Harbor, ME) were housed in groups of four with ad libitum access to food and water. Separate mice were used for each experiment. All procedures occurred between 7:00 A.M. and 4:00 P.M. during the light phase of a 12 h light/dark cycle. Behavioral procedures and surgical procedures were approved by the Temple University Institutional Animal Care and Use Committee.
Surgery. Micro-osmotic pumps that administered 0.25 l/h solution were filled with 100 l of nicotine solution (6.3 mg/kg/d) or saline and inserted subcutaneously via an incision in the lower back of the mouse. Twelve days after the initial surgery, mice in the withdrawal treatment groups were subjected to a second surgery during which the microosmotic pumps were removed via a second incision in the lower back. Surgery was performed under sterile conditions with 5% isoflurane as the anesthetic.
Apparatus. Mice were trained in fear conditioning and tested for freezing to the context in conditioning chambers housed in soundattenuating boxes (MED Associates, St. Albans, VT). Each 17.78 ϫ 19.05 ϫ 38.10 cm chamber consisted of Plexiglas panels in the front, back, and ceiling and two stainless-steel walls on the sides. The metal grid floor of each chamber through which the foot shock US (0.57 mA) was delivered was connected to a shock generator and scrambler. Background noise and air exchange (69 dB) were provided by ventilation fans mounted on the right wall of each sound-attenuating box, and speakers that were used to deliver a white noise CS (85 dB) were mounted on the right wall of each chamber. An IBM (White Plains, NY) personal computer running MED-PC software was interfaced with the chambers and used to administer stimuli.
Testing for freezing to the CS occurred in a separate room in altered context chambers that were housed in sound-attenuating boxes. Speakers that delivered the white noise CS used at training were mounted on the left wall of each chamber. The 20.32 ϫ 22.86 ϫ 17.78 cm chambers were constructed of four Plexiglas walls, a Plexiglas ceiling, and a metal grid floor covered with opaque white plastic. In addition to the differences in location, visual cues associated with the location (e.g., the inside of the sound-attenuating boxes in the training context were white, and the inside of the sound-attenuating boxes in the altered context room were black), chamber dimensions, floor color, and construction, a vanilla extract olfactory cue (no olfactory cue was present in the training chambers) further distinguished the altered context chambers from the original training chambers.
Behavioral procedures. Mice were trained and tested in fear conditioning according to the study by Gould and Higgins (2003) . Freezing was measured by observing mice for 1 s every 10 s, and researchers were blind to the treatments. During the first 120 s of the 5.5 min training session, baseline freezing was assessed. Immediately following baseline freezing, the first of two CS (85 dB white noise)-US (0.57 mA foot shock) pairings occurred. The CS was presented for a total of 30 s. Twenty-eight seconds after the CS onset, the 2 s footshock US was presented; the CS and US coterminated. The CS-US presentations were separated by a 120 s intertrial interval during which immediate freezing was assessed. After the second CS-US presentation, mice remained in the chamber for an additional 30 s.
Twenty-four hours after training, mice were placed in the original training chamber. Freezing to the context was assessed over 5 min. Cued fear conditioning was evaluated 1 h later in the altered context chambers. Freezing in the absence of the CS (preCS freezing) was assessed during the first 180 s of the test session. Next, the CS was presented for 180 s, and freezing to the CS was assessed.
Drug administration and experimental groups. Nicotine hydrogen tartrate salt (Sigma, St. Louis, MO) was dissolved in saline and administered via intraperitoneal injection and/or micro-osmotic pump (model 1002; Alzet, Cupertino, CA). The first behavioral experiment compared the effects of acute, chronic, and withdrawal from chronic nicotine on fear conditioning. Mice treated acutely with saline (n ϭ 14) or 0.09 mg/kg nicotine (n ϭ 14; nicotine dose reported as freebase), a dose shown to produce long-lasting enhancement of contextual fear conditioning (Gould and Higgins, 2003) , received injections 5 min before training and 5 min before testing (which occurred 24 h after training). To counterbalance for withdrawal procedures, sham pump implantations and removals were performed on 6 of the 14 mice treated with saline and on 6 of the 14 mice treated acutely with nicotine. Sham implantations occurred 12 d before training, and sham removals occurred 1 d before training. No differences were observed between mice in the acute condition that received sham treatments and mice that did not receive sham treatments. Thus, the data were combined for figure presentation and analysis.
Mice treated chronically with nicotine were prepared with pumps that administered 6.3 mg/kg/d nicotine (n ϭ 14; nicotine dose reported as freebase) or saline (n ϭ 14) for 14 d. This dose of nicotine was chosen based on previous research indicating that chronic administration of doses as low as 6.0 mg/kg/d produce significant increases in neuronal nicotinic acetylcholinergic receptor (nAChR) binding in C57BL/6 mice (Marks et al., 2004) . In addition, this chronic dose of nicotine produced plasma nicotine levels in the chronically treated mice that were in the range reported for smokers (Benowitz et al., 1989; Henningfield and Keenan, 1993) and that were similar to those produced by an acute 0.09 mg/kg dose of nicotine (see Results). Mice prepared with micro-osmotic pumps administering saline or nicotine were trained in fear conditioning 13 d after the pumps were implanted and tested 24 h later (day 14). To counterbalance for acute and withdrawal procedures, 6 of the 14 mice in each chronic treatment group received sham pump removal surgery 24 h before training (day 12) and saline injections 5 min before training on day 13 and 5 min before testing on day 14. No differences were observed between sham-treated mice and mice that did not receive sham treatments. Thus, the data were combined for figure presentation and analysis.
Mice in the withdrawal condition were chronically treated with 6.3 mg/kg/d nicotine (n ϭ 15) or saline (n ϭ 15) for 12 d after which the micro-osmotic pumps were removed. Training occurred 24 h later on day 13, and testing occurred on day 14. To counterbalance for acute procedures, 6 of the 15 mice in each withdrawal treatment group received saline injections before training and testing. No differences were observed between mice that received saline injections before training and testing and mice that did not. Therefore, the data were combined for figure presentation and analysis.
A follow-up study was conducted to assess whether the effects of withdrawal from chronic nicotine on contextual fear conditioning (see Results) were attributable to administration of nicotine 1 d before training rather than to withdrawal from 12 d of chronic nicotine administration. Mice were trained 24 h after a single injection of either 0.09 mg/kg nicotine (n ϭ 8) or saline (n ϭ 8) and tested 1 d after training.
The final behavioral experiment examined whether acute nicotine (0.09 mg/kg/d) administered during fear conditioning would reverse nicotine withdrawal-associated deficits in contextual fear conditioning. All mice were prepared with micro-osmotic pumps; half of the pumps delivered saline, and the remainder delivered 6.3 mg/kg/d nicotine. Pumps were removed on day 12 of treatment. Mice were trained on day 13 and tested 24 h later. All mice received either acute saline or 0.09 mg/kg nicotine injections before training and testing. Thus, four experimental conditions existed: (1) withdrawal from chronic saline with acute saline (n ϭ 11), (2) withdrawal from chronic saline with acute nicotine (n ϭ 11), (3) withdrawal from chronic nicotine with acute saline (n ϭ 11), and (4) withdrawal from chronic nicotine with acute nicotine (n ϭ 11).
Plasma nicotine and cotinine. Plasma samples were collected from the following four groups of untrained mice (n ϭ 7-9): (1) mice treated acutely with 0.09 mg/kg (intraperitoneally) of nicotine (samples collected 10 min after injection), (2) mice treated acutely with saline, (3) mice treated chronically with nicotine (6.3 mg/kg/d for 13 d), and (4) mice withdrawn from chronic nicotine treatment (6.3 mg/kg/d for 12 d followed by 24 h of withdrawal). Mice were anesthetized with 5% isoflurane, and blood was obtained via cardiac puncture.
Nicotine/cotinine samples were analyzed using procedures adapted from Naidong et al. (2001) . Briefly, a liquid chromatography (LC)/tandem mass spectrometry method validated for selectivity, calibration model fit, sensitivity, accuracy, and precision using a Micromass Quatro II LC mass spectrometer was used. Linearity for nicotine was 2.0 -100 ng/ml, and for cotinine was 1.0 -600 ng/ml. The inter-run precision for nicotine was 6.16 -12.45% across the linear range and for cotinine was 7.15-13.60%. Inter-run accuracy for nicotine was Ϫ11.14 to 4.46% and for cotinine was Ϫ13.80 to 4.04% across the same linear range. Intrarun precision for nicotine was 5.42% and for cotinine was 4.30%. Because nicotine is ubiquitous, "stripped" plasma was used to prepare standards. Plasma was stripped using gravity feed through an activated charcoal column. Quality control samples were not prepared from stripped plasma. Quality control samples 5/3, 25/100, and 60/500 (nicotine/cotinine) were interspersed among the subject samples. Using stripped plasma, blanks were Ͻ20% of the response for the limit of quantitation, 2.0 ng/ml for nicotine and 1.0 ng/ml for cotinine, respectively.
Statistical analyses. For the first behavioral experiment, initial analyses revealed that there were no differences between mice that received sham surgeries and injections and mice that did not receive sham surgeries and injections. Therefore, the data were collapsed within each treatment group, and three (duration: acute, chronic, withdrawal) ϫ two (treatment: nicotine, saline) ANOVAs were conducted to examine differences in contextual, cued, baseline, immediate, and preCS freezing. Tukey's test-adjusted contrasts were performed to examine differences among groups at a pairwise level. Data from the second behavioral study and plasma nicotine and cotinine data were analyzed using one-way ANOVAs. Follow-up comparisons were conducted using Tukey's honestly significant difference (HSD) analyses. Because nicotine assay values Ͻ2.00 ng/ml and cotinine assay values Ͻ1.00 ng/ml were below the level of quantitation (BLQ), all BLQ data points were assigned assay values of 1.99 ng/ml and 0.99 ng/ml for analysis of nicotine and cotinine levels, respectively. Analyses were performed using SPSS version 11.0 (SPSS, Chicago, IL).
Results
The effect of acute, chronic, and withdrawal from chronic nicotine administration on fear conditioning The results of the first behavioral experiment are presented in Figure 1 . A 3 ϫ 2 ANOVA revealed a significant treatment duration by drug interaction for contextual fear conditioning (F (2, 82) ϭ 16.30; p Ͻ 0.05). Follow-up Tukey's test-adjusted comparisons revealed that acute nicotine administration (0.09 mg/kg) significantly enhanced contextual fear conditioning compared with all other treatment groups ( p Ͻ 0.05 for all comparisons), and there was no effect of chronic nicotine treatment on contextual fear conditioning ( p Ͼ 0.05 compared with mice treated acutely with saline, mice treated chronically with saline, and mice withdrawn from chronic saline treatment). Mice withdrawn from chronic nicotine demonstrated significantly lower levels of contextual fear conditioning than all other treatment groups ( p Ͻ 0.05 for all comparisons). There were no differences among groups in cued fear conditioning ( p Ͼ 0.05). Nor were there differences among groups in baseline, immediate, and preCS freezing (data not shown; p Ͼ 0.05), suggesting that the effect of nicotine on contextual freezing was not attributable to baseline differences in locomotor activity, sensitivity to shock, or generalized freezing (as measured by baseline freezing, immediate freezing, and preCS freezing, respectively).
It is possible that impairments demonstrated by mice withdrawn from chronic nicotine were attributable to the effect of administration of nicotine 1 d before training rather than to chronic administration of nicotine for 12 d before training. To examine this possibility, two groups of mice were trained 1 d after an injection of either nicotine (0.09 mg/kg, i.p.) or saline. There were no significant differences between the groups in freezing to the context and freezing to the CS (data not shown; p Ͼ 0.05). In addition, there were no differences between groups in baseline, immediate, and preCS freezing ( p Ͼ 0.05). These data suggest that impairments in contextual fear conditioning demonstrated by mice withdrawn from chronic nicotine occurred as a result of withdrawal from chronic administration of nicotine.
Plasma nicotine and cotinine
The results of plasma nicotine and cotinine analysis are in Table  1 . Main effects of nicotine treatment (i.e., acute vs chronic vs withdrawal) on plasma levels of nicotine (F (3, 28) ϭ 23.97; p Ͻ 0.05) and cotinine (F (3, 28) ϭ 77.87; p Ͻ 0.05) were found. Tukey's test-adjusted contrasts revealed that plasma nicotine levels in mice treated acutely and mice treated chronically with nicotine were similar ( p Ͼ 0.05). Mice treated with saline and mice withdrawn from chronic nicotine had nicotine assay values that were BLQ. Mice treated chronically with nicotine had plasma cotinine values that were significantly higher than all other groups ( p Ͻ 0.05 for all comparisons). Consistent with data indicating that cotinine has a longer half-life than nicotine (Petersen et al., 1984; Ghosheh et al., 1999) , plasma levels of cotinine were 10 times higher in mice treated chronically with nicotine than in mice treated acutely with nicotine. In addition, plasma nicotine and plasma cotinine were BLQ in mice that had their micro-osmotic pumps removed 1 d before plasma sample collection.
Effects of acute nicotine administration on nicotine withdrawal-induced deficits in contextual fear conditioning
Thus far, the data indicate that withdrawal from nicotine (6.3 mg/kg/d for 12 d) 24 h before training is associated with deficits in contextual fear conditioning. Research indicates that nicotine withdrawal-associated deficits in cognition can be reversed by acute nicotine administration in both animal models and in humans (Bell et al., 1999; Semenova et al., 2003) . Thus, we examined whether a challenge dose of nicotine (0.09 mg/kg) administered 5 min before training and testing could reverse the withdrawalassociated deficits. Figure 2 depicts the results of this behavioral experiment. A significant treatment by drug interaction existed for contextual fear conditioning (F (3, 40) ϭ 4.43; p Ͻ 0.05). As with acute treatment, mice treated chronically with saline that received acute nicotine (0.09 mg/kg) at training and testing demonstrated higher levels of contextual fear than mice treated chronically with saline that received saline at training and testing ( p Ͻ 0.05). Also, mice withdrawn for 24 h from nicotine after 12 d of chronic treatment demonstrated deficits in contextual fear conditioning compared with saline-treated mice ( p Ͻ 0.05), replicating the observed withdrawal deficits. Administration of an acute dose (0.09 mg/kg) of nicotine at both training and testing reversed this deficit. In fact, mice withdrawn from chronic nicotine treatment that received acute nicotine demonstrated levels of contextual fear that were similar to mice treated chronically with saline that received acute nicotine at training and testing ( p Ͼ 0.05). No differences between groups in baseline, immediate, preCS, or CS freezing ( p Ͼ 0.05) were found.
Discussion
The present study is the first to demonstrate the development of both tolerance and withdrawal symptoms associated with the effects of a physiologically relevant dose of nicotine on hippocampusdependent learning. Previous studies have shown that acute nicotine dose dependently enhances hippocampus-dependent contextual fear conditioning (Gould and Wehner, 1999; Gould and Higgins, 2003; Wehner et al., 2004; Davis and Gould, 2005) . As depicted in Figure 1 , an acute dose of nicotine and a chronic dose of nicotine that produced the same plasma nicotine levels did not produce the same behavioral effects; acute nicotine treatment enhanced and chronic nicotine treatment failed to enhance contextual fear conditioning. Furthermore, mice withdrawn from chronic nicotine treatment demonstrated deficits in contextual fear conditioning compared with their saline-treated counterparts. The mice withdrawn from nicotine had plasma nicotine levels below quantitation (Table 1) . Notably, plasma nicotine levels in mice treated acutely and chronically with nicotine were within the low end of the range of plasma nicotine levels (10 -50 ng/ml) demonstrated by smokers (Benowitz et al., 1989; Henningfield and Keenan, 1993) .
It is possible that relapse occurs after withdrawal from nicotine as an attempt to ameliorate learning-related deficits. In support, an acute challenge dose of nicotine not only reversed the deficit seen in mice withdrawn from chronic nicotine, but also induced levels of contextual fear conditioning that were similar to levels found in control mice treated with an acute dose of nicotine before training and testing. Furthermore, acute nicotine produced a greater percentage increase in contextual fear conditioning in mice withdrawn from chronic nicotine than in mice withdrawn from chronic saline (i.e., a change from 16.7% contextual freezing in nicotine withdrawn mice to 55.6% freezing in nicotine withdrawn mice administered acute nicotine vs a change from 35.2% freezing in saline withdrawn mice to 53.3% freezing in saline withdrawn mice administered acute nicotine) (Fig. 2) . Because the percentage of contextual freezing in mice withdrawn from chronic nicotine treatment that received acute nicotine is similar to the percentage of contextual freezing in mice withdrawn from chronic saline treatment that received acute nicotine, it is unclear whether the greater percentage increase in contextual conditioning in mice withdrawn from nicotine reflects sensitization to the effects of nicotine or a reversal of the withdrawal associated deficit. Thus, it will be important to investigate whether mice withdrawn from chronic nicotine are sensitized to the acute effect of nicotine on contextual fear conditioning.
The neural mechanisms altered during nicotine withdrawal are unknown. However, receptor-level changes in nAChR function and number could contribute to the disruptive effects of nicotine withdrawal on contextual fear conditioning. A number of studies have found that chronic nicotine exposure is accompanied by an increase in nAChR binding sites (Marks et al., 1983 (Marks et al., , 2004 Fenster et al., 1997; Peng et al., 1997) and by nAChR desensitization (Schwartz and Kellar, 1985; Marks et al., 1993; Fenster et al., 1997; Olale et al., 1997; Wooltorton et al., 2003) . Researchers propose that increases in nAChR binding sites may be a compensatory mechanism induced by nAChR desensitization (Marks Two mice that were withdrawn from chronic nicotine administration had plasma cotinine levels that were Ͼ1.00 ng/ml (values, 1.30 and 1.90 ng/ml).
Figure 2. The effect of an acute dose of nicotine or saline on contextual and cued fear conditioning in mice withdrawn from chronic nicotine treatment or withdrawn from chronic saline treatment. Tukey's HSD analyses revealed that mice withdrawn from chronic nicotine that received saline at training and testing (WCNic ϩ Sal) froze significantly less to the context than mice withdrawn from chronic nicotine that received a dose of nicotine at training and testing (WCNic ϩ Nic), mice withdrawn from chronic saline treatment that received a dose of saline at training and testing (WCSal ϩ Sal), and mice withdrawn from chronic saline treatment that received a dose of nicotine at training and testing (WCSal ϩ Nic). In addition, mice withdrawn from chronic saline that received an acute dose of nicotine froze significantly more to the context than mice withdrawn from chronic saline that received an acute dose of saline at training and testing. There was no effect on cued fear conditioning. *p Ͻ 0.05 compared with all other groups; # p Ͻ 0.05 compared with mice withdrawn from chronic saline that received saline at training and testing (WCSal ϩ Sal). et al., 1983; Schwartz and Kellar, 1985) . Furthermore, evidence from pharmacokinetic studies of nicotine (for review, see Benowitz et al., 1989; Henningfield and Keenan, 1993; Mathieu-Kia et al., 2002) suggests that periods of abstinence (i.e., when an individual attempts to quit smoking) could cause some desensitized nAChRs to recover function. Consistent with this suggestion, Gentry et al. (2003) demonstrated that desensitized nAChRs can recover function in the absence of nicotine in vitro. These receptor-level changes could account for the behavioral tolerance demonstrated by mice treated chronically with nicotine and for deficits in contextual fear conditioning demonstrated by mice withdrawn from chronic nicotine in the present study.
Numerous nAChR subtypes exist (for review, see Picciotto et al., 2000) , and alterations in the function and number of any receptor subtype could account for behavioral changes. Results from our laboratory (Davis and Gould, 2005) and from Wehner et al. (2004) indicate that ␣4␤2 nAChRs are involved in the acute effects of nicotine on contextual fear conditioning. Furthermore, Marks et al. (2004) reported that chronic nicotine, at a dose that produces comparable plasma nicotine levels to those seen in the present study, results in half-maximal upregulation of ␣4␤2 nAChRs. Combined, these studies suggest that alterations in ␣4␤2 nAChR function and/or number that occur with chronic exposure to nicotine could contribute to the changes in contextual fear conditioning observed in the present studies; this will be an important topic for additional study.
Just as nAChR subtype involvement varies across behaviors, nicotine may have divergent effects on different behaviors and underlying neural areas. Data from the present experiments, indicating that acute, chronic, and withdrawal from chronic nicotine administration did not alter hippocampus-independent cued fear conditioning, suggest that the effects of nicotine do not generalize across learning paradigms. In addition, these data suggest that nicotine does not increase fear in general, but rather nicotine enhances learning of a hippocampus-dependent association [i.e., contextual fear conditioning (Phillips and LeDoux, 1992; Logue et al., 1997) ]. It is possible that the null effect of acute nicotine on cued fear conditioning was a result of ceiling-level performance. However, previous research (Gould et al., 2004) has used fear-conditioning protocols that produce lower levels of conditioning to demonstrate that the lack of effect of acute nicotine on hippocampus-independent cued fear conditioning is not caused by a ceiling effect. Thus, acute nicotine differentially affects cued and contextual fear conditioning.
Additionally, it is possible that the effects of chronic nicotine may vary across hippocampus-dependent tasks. Levin et al. (1990 Levin et al. ( , 1999 demonstrated that chronic nicotine administration after acquisition of the radial-arm maze enhanced future hippocampus-dependent spatial working memory performance in that task. Contextual and spatial learning involve different neural and cellular substrates (El Ghundi et al., 1999; Graves et al., 2002; Burwell et al., 2004) . Thus, differences in the effects of chronic nicotine on these neural and cellular substrates could account for the different effects of chronic nicotine on these behaviors. However, methodological differences such as examining the effects of chronic nicotine on acquisition of a task versus examining the effects of chronic nicotine on performance of a previously learned task make a direct comparison between our results and the results of Levin et al. (1990 Levin et al. ( , 1999 difficult. We have begun to examine the effects of nicotine on acquisition of a version of fear conditioning that involves working memory to address these issues (Gould et al., 2004) .
In summary, the effects of nicotine on cognition could support the development and maintenance of nicotine addiction through multiple mechanisms. First, the initial use of nicotine could facilitate cognitive processes, which could lead to repeated use and the development of drug-context associations that could precipitate cravings. Second, the development of tolerance for the cognitive-enhancing effects of nicotine could lead to increased use. Finally, withdrawal from nicotine could produce deficits in cognitive function that could contribute to relapse. The results of the present study suggest that one or more of these mechanisms could contribute to nicotine addiction.
